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INTRODUCTION 

Search algorithms can identify membrane proteins and often 
successfully predict their topology. Fluorescence micros- 
copy allows the determination of their cellular localization. 
However, to perform their function, membrane proteins 
very often assemble into protein complexes and temporarily 
relocate to sites in the cell that differ from their steady-state 
residence. With the current methods at hand, these pro- 
cesses are difficult to study. 

Sec63p, as part of the tetrameric and the heptameric Sec 
complex in the yeast Saccharomyces cerevisiae, is a membrane 
ffi^ endo P lasmic reticulum (ER) (Rothblatt et al., 
1989; Deshaies et al, 1991; Brodsky and Schekman, 1993) 
The tetrameric Sec62/63p complex and the trimexic Sec61p- 
complex constitute the main^components of the transloca- 
tion machinery responsible for delivering polypeptides 
across the membrane of the ER. The tetrameric Sec62/63p 
complex harbors, in addition to Sec63p, the integral mem- 
brane proteins Sec62p and Sec71p and the peripheral mem- 

?££f ^ 0tem Scd72 P * < 1991; Panzner et «L, 

1995). The trimertc Sec61p complex forms the actual gate- 
across the membrane and consists of the membrane pro- 
teins, Sec61p, Sssip, and Sbhlp. Both complexes can exist as 
individual entities or as parts of the heptameric Sec complex 
(for review see Rapoport et al, 1996). The modular structure 

* Corresponding author. E-mail address: johnsson®mpiz-Jcoeln 
mpg.de. r 
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of the translocation machinery allows Sec61p to accept a 
wide variety of polypendes as translocation substrates The 
tnmenc Sec61 complex associates with Sec62/63p to trans- 
locate polypeptides that are either already completely or 
parbally synthesized. Alternatively, the trimeric Sec61 com- 
P 1 ?* 1 * \ ou *£m association with translating ribosomes (Gdr- 
lich et al, 1992). Here the signal sequence-containing nascent 
chain is very probably transferred via the signal recognition 
particle directly to the trimeric Sec61 complex to forge a tight 
seal between Sec61p and the ribosome (Walter and Joruison, 
1994; Beckmann et al, 1997). The already substantial number 
of proteins that interact with Sec63p may become still larger 
smce Sec63p is also involved in the retrograde transfer of 
proteins from the lumen of the ER back into the cytosol 
(Plemper et al, 1997). In addition, Sec63p plays a role in the 
homotypic fusion of nuclear membranes during the marine 
of yeast (Ng and Walter, 1996). 6 
The split-Ub method can monitor interactions between 
proteins in the living cell (Johnsson and Varshavsky, 1994) 
It is based on the reassembly of the N- and C-terminal halves 
(r V aixd c ub) of Ubiquitin fUb). The reassembled quasi- 
^m^^J 5 recognized by the ubiqmrin-specinc proteases 
(UBPs). The UBPs cleave any C-terminaily attached 
polypeptide from C ub and thereby provide an immediate 
readout of the N^-C^ reassociation. Two mutations were 
engineered into N ub . N ua and N carry an alanine or a 
glycine m position 13 of N^. Both have a lower affinity for 
C ub than N^, the wild-type version carrying an isoleucine in 
this position. It was shown that and C ub reassemble 
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! quite efficiently. However, N w or only interact with C ub 

once both Ub peptides are linked to proteins that are close to 
each other. Under these conditions, C„ b interacts more 
strongly with than with N wg (Johnsson and Varshavsky, 
1994). The split-Ub technique measures the local concentra- 
tion, integrated over time, between the coupled and 
Cub- For convenience, the phrases proximity and distance 
are sometimes used as abbreviations for this parameter. 

We set out to apply the split;Ub method to the analysis of 
membrane proteins. Using a new reporter for the detection 
iha_ of the N^-C^b assembly we could monitor the interactions 

of Sec63p with other members of the translocation machin- 
ery and start to map its molecular environment in vivo. 

MATERIALS AND METHODS 
Construction of Test Proteins 

The C^-RUntf reporter module was constructed by PCR amplifi- 
cation. The fragment covered residues 35-76 of UBU and a SaU and 
BamHl site to bring the fragment in front of the LACI-URA3 gene 
fusion (Ghislain et ai, 1996). The sequence between the C terminus 
of and the LACI sequence of the RURA3 reads; GGTGGT AGG 
CAC GGA TCC. The last two residues of the and the N-terminai 
arginine of the RURA3 are printed in bold letters; the BamHl site is- 
underlined. SEC63-C&-RURA3 was constructed by PCR amplifica- 
tion of the last 445 base pairs (bp) of the coding sequence of SEC63 
not including the Stop codon by using genomic DNA of S. cerevisiae 
as a template. The ends of the PCR product contained restriction 
sites to allow the in-frame fusion with the C ub -RliRA3 module 
located in the vector pRS305 (Sikorski and Hieter, 1989). The short 
linker sequence between the last codon of SEC63 and the first codon 
of reads: GAA GGC G GG TCG AC C GGT. The last codon of 
SEC63 and the first codon of are in bold letters; the Sail site is 
underlined. The vector was cut at its unique Pstl site in the SEC63- 
containing fragment and transformed into the S. cerevisiae strains 
JD51 and JD55 to yield, through homologous recombination, the 
integrated cassette that expressed Sec63*C ub -RUra3p from the na- 
tive promoter of SEC63 and a short C-terminal fragment of SEC63 
comprising its last 448 bp. Integration was confirmed by PCR. 
SEC63-C ljb -Dha was created in a similar manner. The linker be- 
tween SEC63 and the C^-Dr* module reads: GAA GGC GGG TCG 
ACC ATG TCG GGG GGG. The last codon of SEC63 and the first 
codon of are printed in bold letters. The C^-Oha module is 
described by Johnsson and Varshavsky (1994). FUR4-C xjb -RURA3 
was created similar to S£C63-C ub -RLDM3. The PCR product con- 
taining the last 952 bp of the ORF of the FUR4 gene were inserted in 
front of the C ub -RURA3 module located in the pRS303 vector using 
an Eagl and a Sfl/I site at the ends of the PCR product The linker 
between the last codon (bold letters) of FUR4 and the first codon of 
C„ b (bold letters) reads; ATT G GG TCG ACC GGT. The SuH site is 
underlined. The vector was cut at the unique EcoRI site in the 
FUR4-derived fragment to create, through homologous recombina- 
tion, a C-terminal fragment of the gene of 955 bp and the integrated 
cassette that expressed Fur4-C ttb -RUra3p from the FUR4 promoter. 
Integration was confirmed by PCR. Two nucleotide exchanges were 
found in the FUR4 PCR product when compared with the corre- 
sponding sequence in the yeast genome database leading to an Asp 
and Glu in position 421 and 617 of the Fur4p-construct instead of the 
Asn and Val encoded in the genomic sequence. Since Fur4p-C ub - 
RUra3p still conferred 5-fluoroorotic acid (5-FOA) sensitivity to the 
transformed yeast, we inferred that the C^ construct is functional. 
$TE14-C uti -RURA3 was constructed using two primers to amplify 
the complete ORF of STE14 using genomic DNA as a template. The 
PCR product was inserted between the C uh -RURA3 module and the 
p METC-promoter in the vector pRS3l5. The linker between the last 
codon (bold letters) of STEM and the first codon of C ub (bold letters) 
reads: ATA GG G TCG AC C GGT. The SaE site is underlined. The 
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same PCR product was inserted between the P CAU -promoter and 
Dha to create ST£14-Dha in the pRS314 vector. The sequence be- 
tween the last codon of STE14 and Dha reads: ATA GGG TCG ACC 
TTA ATG CAG AGA TCT GGC ATC ATG GTT . The last codon of 
STE14 and the first two codons of Dha are underlined. The sequence 
connecting the last codon of SEC62 (underlined) and Dha of SEC62- 
Dha in pRS314 reads: AA£ GGC GGG TCG ACC TTA ATG CAG 
AGA TCT GGC ATC ATC QX TOM20-C ub -RURA3 was con- 
structed similar to STE14-C^-RURA3. The PCR product was in- 
serted between the Pcwi-promoter and the C^RURA3 module in 
the vector pRS315. The linker between the last codon of TOM20 
(bold letters) and the first codon of (bold letters) reads; GAC 
GGQ TCG ACC GGT. The Sail site is underlined. 

The N ub -constructs were assembled from the Pcupi-N^-cassette 
and a PCR fragment containing the ORF or part of the ORF of the 
desired gene to finally reside in the vector pRS3l4, pRS313, or 
pRS304. A BamUl site was used to bring the in frame with the 
PCR product The linker between the last codon of (bold letters) 
and the first codon of the Mowing ORF (bold letters) reads; GG 
ATCCCT GGC GTC for TOM22, GG ATCC CT GGG TCT GGG 
ATG for SEC61 and SSHX, GG ATCC CT GGG GAT ATG for SrVCl, 
SSOl, TPJI, GUK2, <3G ATC CCT GGG GAT TCC for VAM3. The 
BamHl site is underlined. N^SEC61 was constructed by targeted 
integration of a N^SEC61 -containing fragment into SEC61 of the S. 
cerevisiae strain JD53. A fragment containing the first 875 bp of the 
SEC61 ORF was amplified by PCR and inserted downstream of the 
pRS304- or pRS303-based Pcu^-N^ cassette, using the flanking 
BamHt and EcoRI sites. For targeted integration, the plasmid was 
linearized at die unique StuX site in the SEC61 ORF to create the 
yeasts NJY61-I, -A; and -G. Integration was confirmed by PCR. To 
construct N ub -Sshlp, a fragment of 680 bp was amplified by PCR 
and inserted downstream of the pRS304-based Pcupi-N^ cassette 
using the flanking BamHl and Xhol sites. The vector was cut for 
targeted integration at the unique CM site in the SSHl ORF to create 
the yeast strains NJY78-I, -A, -G, and -VL Integration was confirmed 
by PCR The construction of N ub -S£C62, -SED5, -STE14, and -BOS1 
was described in Dunnwald et al (1999). The functionality of N^- 
Sed5p and -Sec62p was confirmed by complementing a yeast strain 
carrying a ts mutation in the corresponding gene. N ub -Ssolp, N Mb - 
Guklp, and N^-Tpilp were shown to support growth of S. cerevi- 
siae cells under conditions where the corresponding, unmodified 
protein was not expressed. N ub -Snclp, -Tom22p, -Vam3p, and 
-Sshlp were not tested. The functionality of M ub -Sec6lp in the strain 
NJY61-I was tested by repeating the transformation of JD53 with a 
Sful cut vector bearing a shift in the reading frame between N ub and 
SEC61. As a consequence, no full-length Sec61p should be expressed 
in the transformed haploids, but only the N-terminal fragment from 
the first 875 bp of the SEC61 ORF. Viable haploids would document 
that the N-terminal fragment of Secolp can substitute for the full- 
length protein. However, the occasional colonies that were obtained 
after transformation were shown by PCR to always harbor a native 
SEC61 in addition to the modified N ub -SEC62 allele carrying the 
frame shift between the and the SECS1 ORF. This shows that in 
the strain NJY61-I, the essential function of Secolp was contributed 
by N^Seceip. 

Immunoblotting 

Cell extraction for immunoblotting was performed essentially as 
described Johnsson and Varshavsky, 1994). Proteins were fraction- 
ated by SDS-12-5% PAGE and electroblotted on nitrocellulose mem- 
branes (Schleicher & SchuelL Dassel, Germany), using a semidry 
transfer system (Hoeffer Pharmacia Biotech, San Francisco, CA). 
Blots were incubated with a monoclonal anti-ha antibody (Babco, 
Richmond, CA), and bound antibody was visualized using horse- 
radish peroxidase-coupled rabbit anti-mouse antibody (Bio-Rad, 
Hercules, CA), the chemUuminescence detection system (Boehr- 
inger, Mannheim, Germany), and x-ray films (Kodak, Rochester, 
NY). 
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Growth Assay and Mating Assay 

Yeast-rich (YPD) and synthetic minimal media with 2% dextrose 
(SD) or 2% galactose (SG) were prepared as described (Dohmen et 
al, 1995). S. ccrevisiae cells . were grown at 30°C in liquid selective 
media containing uracil: Cells were diluted in water and 4 l<J were 
Sported on agar plates, selecting for the presence of the fusion 
constructs but lacking uracil or containing 1 mg/ml 5-FOA (WAK- 
Chemie, Bad Soden, Germany) and 50 /xg/ml uracil. The same 
dilutions were spotted on plates containing uracil to check for cell 
numbers. The plates were incubated at 30°C for 3-5 d unless stated 
otherwise. Mating tests were performed as described (Michaelis and 
Herskowitz, 1988). 



Deletion of STEM 

The open reading frame of STE14 was replaced by the dominant 
kan T marker essentially as described by Gtildener et al (1996). The 
PCR primers used for the construction of the kan r disruption cas- 
sette were 5'- CCCCCTCTrrGATTGTGGTCACCGTTlTTGAAC 
ACAACCAGCTGAAGCITCGTACGC and 5' -CACAAAAATC- 
CAGTCCATAACTAACACAATCATTACTAGCATACCTCACTA- 
GGTGATCTG. Underlined are the sequences immediately preced- 
ing the ATG or following the stop codon of the coding sequence of 
STEM (Sapperstein et al., 1994). Transformed yeast cells were se- 
lected for kan f integration by Geneticin (life Technologies, Paisley, 
Scotland), and the deletion was verified by diagnostic PCR and the 
mating deficiency of the cells. 



RESULTS 

Experimental Strategy 

Sec63p was extended at its C terminus with that was 
linked to an N-tenninally modified version of the enzyme 
Ura3p (RUra3p) to create Sec63-C ub -RUra3p (Sec63CRUp) 
(Figures 1 and 2). Due to the topology of Sec63p, CRUp 
points into the cytosol of the cell (Feldheim et al, 1992). By 
coexpressing a set of N ub -fusion proteins (N ub -X in Figure 
1), we first attempted to distinguish between Sec63p-inter- 
acting and -noninteracting proteins. Pathway 1: X is a pro- 
tein that strongly interacts with Sec63p. N ub and C ub reas- 
semble to the quasi-native Ub, and RUra3p is cleaved by the 
UBFs. Since the N-tenninal residue of the released RUra3p is 
an arginine, rapid degradation of RUra3p by the enzymes of 
the N-end rule ensures that the cells stop dividing on plates 
lacking uracil (Ura~). 5-FOA is converted by Ura3p into 
5-jQuorouradl, which is toxic for the cell. Therefore the rapid 
degradation of RUra3p due to the interaction between pro- 
tein X and Sec63p allows the cells to grow on plates contain- 
ing 5-FOA (FOA R ) (Ghislain et al, 1996; Johnsson and Var- 
shavsky, 1997; Varshavsky, 1997). Pathway 2: X is a protein 
that does not interact with Sec63p. The linked N ub and C ub 
do not or only partially reassemble to the quasi-native Ub. 
The cells retain sufficient unclipped Sec63CRUp to stay Ura* 
and 5-FOA-sensitive (FOA s ). As an alternative to the 
RUra3p reporter, Sec63p-C ub was extended by the enzyme 
dihydrofolate reductase that carries an ha tag at its C termi- 
nus (Sec63-C ub -Dha). The cleaved Dha remains stable in the 
cytosol and can be detected together with the unclipped 
fusion protein by unmunoblorting with antibodies directed 
against the ha epitope (Johnsson and Varshavsky, 1994). 
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Figure 1. The split-Ubiquitin technique and its application to the 
analysis of membrane proteins using a metabolic marker. C ub - 
RUra3p was linked to the C terminus of Sec63p, and N ub was linked 
to the N terminus of the' membrane protein X Pathway 1: N ub is 
coupled to a protein that binds to Sec63p. The complex brings N ub 
and Qa, into dose proximity. and reconstitute the quasi- 
native Ub that is deaved by the Ub-speculc proteases to release 
RUra3p from C^,. The deaved RUra3p is targeted for rapid destruc- 
tion by the enzymes of the N-end rule (3) to yield cells that are uracil 
auxotrophs and 5-FOA resistant Pathway 2z is linked to a 
protein that does not bind to Sec63p. The two fusion proteins do not 
improve the reconstitution of N ub and into the quasi-native Ub. 
Thus, RUra3p stays linked to Sec63-C ub , and the cells are uracil 
prototrophs and 5-FOA sensitive. 



The Interaction between the Two Membrane 
Proteins, Sec62p and Sec63p, Can Be Monitored by 
the Split-Ub Assay In Vivo 

Sec63CRUp and Sec63-C ub -Dha were integrated into diploid 
cells via homologous recombination to replace one native 
copy of Sec63p. Tetrad analysis of the sporulated diploids 
validated that both Sec63-C ub -fusion proteins are functional 
(our unpublished observation). Since the two spores con- 
taining the modified versions of Sec63p grew slightly 
slower, the interaction assay was performed in diploid cells. 
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To test the interaction between Sec62p and Sec63p, the N ub - 
moiety was linked to the cytosolic N-texrninus of Sec62p 
(Figure 2). N ub -Sec62p is functional (Dunnwald et al, 1999). 
Immunoblot analysis of protein extracts from cells express- 
ing Sec63-C ub -Dha together with N ub - or N ua -Sec62p 
showed that Sec63-C ub -Dha is completely converted into 
Sec63-C ub and Dha. N U g-Sec62p stiU induces more than 60% 
cleavage (Figure 3A). The ratio of cleaved to uncleaved 
C ub -Dha matches the ratio seen for the interaction between 
two correspondingly labeled N ub - and C ub -zipper proteins, 



reinforcing the interpretation of a tight interaction between 
Sec62p and Sec63p (Johnsson and Varshavsky, 1994). Boslp, 
a membrane protein of the ER that does not interact with 
Sec63p, induces significant cleavage of Sec63-C ub -Dha when 
labeled with N ub , but hardly induces any cleavage when 
labeled with N ua or N (Figures 2 and 3A). 

Cells harboring Sec63CRUp grow on medium lacking ura- 
cil. The same cells coexpressing N ub -, N w - or N UB -Sec62p 
grow on medium containing uracil but fail to grow on 
medium lacking uracil (Figure 3B). To test whether this new 
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Rgure 3. Split-Ub monitors the interaction between Sec63p and 
bec6^ m vivo. (A) Immunoblot analysis of cells expressing Sec63- 
^-Dlw together with an empty plasmid (lane a) or together with 
N ub -, N u *-/ orN -Sec62p (lanes b, c, and d, respectively) or N ub -, 
or N^-Boslp (lanes e, f, and g, respectively). The nitrocellu- 
lose membrane was probed with the antihha antibody that recog- 
nizes the uncleaved fusion and the cleaved Dha. (B) Growth 
assay of the interaction between Sec63p and Sec62p based on 

SS^m™* V****** Ura3 P (»U«3P) as a reporter. 
^WCKUp-containing cells bearing either the UBR1 gene or a 
UBR1 deletion were transformed with an empty plasmid or N ub -, 
N^-, or N Uft -Sec62p. Cells were pregrown in selective media con- 
taining uracil. Cells (10 3 or 10*) were spotted on selective plates 
lacking uracil and also lacking leucine and tryptophan to select for 
the presence of the C^,- and N ub -constructs. 

phenotype of the Sec63CRUp containing cells is due to the 
ability of N ub -Sec62p to induce cleavage and the rapid deg- 
radation of RUra3p, we expressed the same N ub /C ub com- 
bination in congenic yeast cells harboring a deletion of UBR1 
{Figure 3B). UBR1 encodes the recognition component of the 
N-end rule pathway, and proteins bearing destabilizing N- 
terminal residues that are rapidly degraded in wild-type 
cells are stabilized in Aubrl cells (Bartel et al, 1990). Since 
AwM cells carrying N ub -Sec62p and Sec63CRUp are still 
Ura*, we conclude that in wild-type cells bearing 
Sec63CRUp, N ub -Sec62p causes the cleavage and degrada- 
tion of RUra3p. ° 

The measured proximity between N ub -Sec62p and 
Sec63CRUp is a strong indicator, albeit not proof, that 
Sec63p and Sec62p are components of one protein complex. 
If the efficient reassociation of N u$ -Sec62p and Sec63CRUp is 
a consequence of a direct protein interaction, overexpression 
of the unlabeled Sec62p should displace its N ub -labeled 
counterpart in the complex. As a consequence, the local 
concentration between N ub -Sec62p and Sec63CRUp will de- 



crease, less RUra3p will be cleaved, and the cells will start to 
grow on plates lacking uracil We expressed the unmodified 
5ec62p and a Sec62p derivative that carries the Dha exten- 
sion at its C terrninus (Sec62~Dha) from the inducible P GAI 
promoter in the presence of N ug -Sec62p and Sec63CRUp. 
The triply transformed cells were spotted on plates lacking 
uraal that either contained glucose to repress or contained 
galactose to induce the expression of Sec62p or Sec62-Dha 
The growth of the cells on plates that lacked uracil but 
contained galactose confirmed the displacement of N - 
Sec62p by Sec62p or Sec62-Dha (Figure 4A). To verify ffe 
specificity of this experiment, the competition was repeated 
with the membrane protein Stel4p and the cytosolic Triose 
phosphate isomerase (Tpilp) that were expressed from the 
P GALi-P r «>moter and C-terrninally extended by the Dha 
module (Stel4-Dha) or the ha-epitope (Tpittia). Dha and ha 
served m these constructs as a tag to allow the immunode- 
tection of the correspondingly labeled proteins. In contrast 

fc 16 ^ 0110 ^ 2 ? 01 S«62-Dh*, me'overexpression 
of Stel4-Dha and Tpil*ha had no effect on the growth of the 
cells harboring Sec63CRUp and N u<f Sec62p (Figure 4A). 
Immunoblots confirmed the expression of all ha-bearing 
proteins (Figure 4C), and a Sec62p-specific antibody con- 
firmed the expression of the P^-driven Sec62p (our un- 
published observation). Using the Sec62p-specific antibody 
we could also demonstrate that the expression* of N * 
Sec62p was not influenced by galactose (our unpublished 
observation). To semiquantitatively measure the influence of 
Sec62p overexpression on the interaction between N - 
Sec62p and Sec63CRUp, roughly 10,000 cells were plated m 
galactose-containing medium without uracil and the yeast 
colonies were counted after 4 d (Figure 4B). Approximately 
800 colonies were recovered upon overexpression of Sec62p, 
and 400 colonies were recovered upon overexpression of 
Sec62-Dha, suggesting that the extension at the C terminus 
of Sec62p might already interfere with the ability of the 
molecule to interact with Sec63p. Around 30 colonies were 
recovered from yeast cells carrying the empty PcAU-pro- 
moter, and an average of 60 and 40 colonies were recovered 
upon coexpression of Stel4-Dha and Tpil-Dha. The compe- 
tition of N^-Sec62p by Sec62p shows that the split-Ub mea- 
sured proximity between Sec62p and Sec63p is a conse- 
quence of both proteins being components of one protein 
complex. 

The Response in the Split-Ub Assay Correlates with 
the Distance of the Unlabeled Protein to Sec63p 
Every protein displays a characteristic spectrum of local 
concentrations toward the other proteins inside the cell. 
Split-Ub allows comparison of the local concentrations that 
exist between different M^-labeled proteins and a common 
Qh-fusion. The proteins of high local concentration will 
need a with a lower affinity to C ub to achieve N^-C^ 
reassembly than the proteins of low local concentration. The 
RUra3p reporter will translate these differences into the 
growth rate of the yeasts. Cells harboring a N ub -Iabeled 
protein that is close to a CRUp-fusion do not grow or grow 
slower than cells carrying a N ub -labeled protein that is more 
distant We started to map the spectrum of local concentra- 
tions of Sec63p by comparing the interactions of Sec63CRUp 
with 13 different N^-, N ua -, and N ug fusions. The proteins 
were chosen to cover a wide range of local concentrations 
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Figure 4. The measured proximity between Sec62p and Sec63p is 
due to both proteins being in one complex. (A) Cells bearing 
Sec63CRUp and N U g-Sec62p were transformed with a plasmid con- 
taining either SeoS2p, Sec62Dha, Stel4Dha, Tpilha, or an empty 
plasmid, all under the control of the Pc^n-promoter (lanes a-e). 
Approximately 10 s , 10*, 10 3 , and 10 2 cells were spotted on selective 
media lacking uracil and containing either glucose to repress or 
galactose to induce the F^ali promoter. (6) S. cerevisiae cells (10*) 
were plated as described in panel A on selective media containing 
galactose and lacking uracil, and colonies were counted after 4 d. 
The average of seven independent experiments is shown. Approx- 
imately 800 colonies were recovered upon overexpression of Sec62p. 
This number was arbitrarily set as 100. (C) Overexpression of the ha 
epitope-bearing proteins was confirmed by immunoblot analysis of 
extracts of S. cerevisiae cells coexpressing Sec63CRUp, N u --Sec62p, 
and the following constructs: Tpilha (lanes a and f), Stel4Dha 
(lanes b and g), Sec62Dha (lanes c and h), Sec62p (lanes d and i), and 
empty vector Qanes e and j). Cells were grown in glucose (lanes a-e) 
to repress and grown in galactose (lanes f-j) to induce the expres- 
sion of the proteins. 



by predominantly selecting membrane proteins, whose 
distances to Sec63p are adjusted by their distinct distri- 
bution in the cell. Sec61p as a member of the heptameric 
Sec complex should be very close, whereas Tom22p as a 
membrane protein of the outer mitochondrial membrane 
should be very distant to Sec63p. The topology of all 
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Figure 5. Split Ub measures the proximity between Sec63p and 
membrane-associated proteins in vivo. Sec63CRUp containing cells 
expressing N ub , N^ v and N ug constructs of Sec62p (A), Sec61p <B), 
Sshlp (C), Boslp (D), SteHp (E), Sed5p (F), Ssolp (G), Snclp (H), 
Tom22p(D, Vam3p 0), Tpilp (K), and Guklp (L) were spotted (10 s 
and MP cells) on selective media lacking uracil (A-M) and leucine 
and histidine (A and D) or leucine and tryptophan (B, C, and E-M) 
to select for the presence of the C uh and constructs. (M) 
Sec63CRUp^containing cells bearing either the empty plasmid, N ub -, 
N w -/ -M U8 -Sec22p or N ub -, N^, N -Sec61p were spotted (10 s , 10*, 
10 3 cells) on plates lacking uracil. Cells were grown for 4 d. 

N ub -modified proteins and the cellular localization of the 
unmodified proteins are shown in Figure 2. Since the local 
concentration of two proteins is influenced by their 
amount and their cellular distribution, we tried to mini- 
mize the differences in total amount by expressing all 
N ub -fusions from the noninduced P CUP1 -promotor. 

The different growth of the transformed cells on SD-ura 
allows us to clearly separate the N ub constructs of the two 
known Sec63p-intexacting proteins, Sec62p and Sec61p, from 
all the other constructs (Figure 5 and Table 1). The N ub 
and N ua constructs of both proteins completely inhibit the 
growth of the Sec63CRUp-bearing cells. The N u „ construct 
inhibits growth in the case of Sec62p and strongly impairs 
growth in the case of Sec61p. Seco^CRUp-containing cells 
transformed with any other N ug construct show unimpaired 
growth on media lacking uracil. Furthermore, the assay 
allows us to distinguish between the constructs of those 
proteins that do not bind to Sec63p (Figure 5 and Table 1). 
According to the growth of the transformed yeasts, we could 
arrange the N ub constructs into five groups of decreasing 
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Table 1. Growth of cells containing Sec63CRUp and different 
constructs 
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Growth was scored on plates lacking uracil The number of pluses 
denotes the robustness of the growth of the colonies. The column 
FOA indicates the behavior of the corresponding construct- 
bearing cells on plates containing 5-FOA. R, the cells are 5-FOA 
resistant and grow; S, the cells are 5-FOA sensitive. 



proximity to Sec63p. The classification approximately re- 
flects the localization of the unlabeled proteins (see Figure 1 
and Table 1). Groups 1 and 2 comprise the Sec63p-binding 
proteins Sec62p and Sec61p. 

Group 3 includes the proteins whose constructs abol- 
ish the growth of Sec63CRUp cells, whose constructs 
inhibit their growth to varying degrees but whose N ug con- 
structs allow full growth on media lacking uracil (Figure 5 
and Table 1). Group 3 includes the proteins Sshlp, Boslp, 
SteUp, Sec22p, and SedSp (Figure 5 and Table 1). Sec22p, 
Boslp, and Sshlp localize in the ER, whereas Sed5p resides 
in the early Golgi, the compartment that is functionally 
adjacent to the ER (Shim et <iZ., 1991; Hardwick and Pelham, 
1992; Banfield et al, 1994; Finke et al, 1996; Ballensiefen et al , 
1998). 

In contrast to all the other analyzed proteins, the localiza- 
tion and topology of Stel4p were unknown when we started 
its analysis. STE14 encodes an enzyme that methylates the C 
terminus of the CAAX box mottf-containing proteins such as 
the small GTPases, Raslp, Cdc42p, or Rholp (Sapperstein et 
al, 1994; Zhang and Casey, 1996). The corresponding activ- • 
ity in mammalian cells was shown to be associated with a 
microsomal membrane fraction (Stephenson and Clarke, 
1990). Functionality of N ub -Stel4p was confirmed by com- 
plementing the mating defect of a STEU deletion strain 
(Figure 6A). N ub -Stel4p induces the cleavage of C ub s that 
are localized in the cytosol, implying that the N terminus of 
the protein is in the cytosol of the cell (Figure 5; Diinnwald 
et al, 1999). Since the interaction between N ub -Stel4p and 
Sec63CRUp is comparable to the interactions of the corre- 
spondingly labeled Boslp, Sshlp, and SedSp, Stel4p might 
be localized in the ER, the Golgi, or in both compartments. 
To better resolve the localization of Stel4p, we had to search 
for a N ub mutant whose affinity to falls between the 
affinities of wild-type N ub and N ua . This was accomplished 
by exchanging isoleucine 3 of N ub against a valine (N^) 
(Eckert, Raquet, and Johnsson, unpublished observation). 



Vol. 10, August 1999 




B 



i i i i i i i 




a b c d e f q 
Sec63CRUp 

C ^Jb^Jua^ *kt fjwp Nub 



Sec62p 




Sshlp 



Sec61p 




Ste14CRUp 

Figure 6. (A) and constructs of Stel4p are functional. 
N ub -Stel4p and SteHCRUp were expressed in cells containing a 
5TEJ4 deletion and mated with an appropriate tester strain of the 
opposite mating type. The mated cells were patched on media 
selecting for the formation of diploids. (B) Stel4p is located between 
Boslp and SedSp. Sec63CRUp containing cells expressing N vr 
Sec62p (a),-Sshlp (b),-Boslp (c),-Stel4p (d),-Sed5p (e),-Ssolp (f), and 
-Snclp (g) were spotted (10 5 , 10 4 , 10 s , and 10 2 ceUs) on SD-ura plates 
that also lacked leucine and tryptophan to select for the presence of 
the Cut, and N w constructs. Cells were grown for 3 dL (Q Sec62p, 
Sshlp, and Sec61p are equidistant to Stel4p. Stel4CRUp-containing 
cells expressing and N ug constructs of Sec62p (a), Sshlp 

(b), Sec61p (c), Stel4p (d), SedSp (e), and Ssolp (f) were spotted (MP, 
10 3 , and 10* cells) on selective media lacking uracil, leucine, and 
tryptophan and containing 500 /iM methionine to reduce the ex- 
pression of Stel4CRUp. Cells were grown for 3 d. 

Figure 6B shows the growth of the Sec63CRUp- containing 
cells transformed with N vi -Sec62p, -Sshlp, -Boslp, -Stel4p, 
-SedSp, -Ssolp, and -Snclp. N w increases the resolution 
among the proteins of group 3. Specifically we can clearly 
separate SedSp from the known membrane proteins of the 
ER. According to the growth of the N vr transformed 
Sec63CRUp-containing cells, Sec63p is closer to Sshlp and 
Boslp than to SedSp and still closer to SedSp than to Ssolp 
or Snclp. JVe conclude that SedSp is situated between the ER 
proteins, Sshlp and Boslp, and the proteins of the late 
Golgi/plasma membrane, Snclp and Ssolp (Aalto et al, 
1993; Protopopov et al, 1993). Our analysis places Stel4p 
between Boslp and Sed5p. 
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The faint growth of the N vr Boslp- containing cells in the 
second dilution of Figure 6B may indicate a slighdy closer 
proximity between Sec63p and Sshlp than between Sec63p 
and Boslp. Sshlp is a homologue of Sec61p (Figure 2). Sshlp 
was found in a heterotrimeric complex that is very similar to 
the tnmenc Sec61 complex. However, unlike Sec61p, Sshlp 
did not copurify with the Sec62/63p complex and was not 
c 0im ^^ 0precipitated «?*&odi€s to members of the 
Sec62/63p complex (Finke et at, 1996). Does the inability to 
demonstrate interaction by these techniques reflect the situ- 
ation in living cells or an inherent instability of this complex 
that causes its disruption during purification? By comparine 

^&°^? f * e Sec63CRU P ceU * expressing N UH -Sec61p 
and N^-Sshlp, we conclude that Sec63p is closer to Sec61p 
than to Sshlp in vivo (Figure 5 and Table 1). To confirm that 
the measured difference is specific and not caused by a 
general higher cellular activity of the N^Sec61p, we com- 
pared the two different constructs toward a land- 
mark that is known not to interact with Sec61p or Sshlp We 
constructed a Stel4p derivative that bears the C^-RUra3p 
module at its C terminus (Figure 2, Stel4CRUp). Stel4CRUp 
£ Y^, 0 , 6A >* ™ e unimpaired growth of the 

Stel4CRUp-containing cells on media lacking uracil demon- 
strates that the C^-RUraSp moiety most likely points into 
the cytosol of the cell (our unpublished observation). The 
nearlyidentical growth characteristics of the cells bearine 
SteHCRUp and the N^s of Sec62p, Sec61p, and Sshlp doc- 
ument a comparable activity of the fusion proteins 
(Figure 6C), Le v no growth of Stel4CRUp cells bearing the 
N ub , reduced but si^iifkant growth of the cells bearing the 
N^, and unimpaired growth of the cells bearing the N 
constructs. We conclude that the differences in the interac- 
tion between N ua -Sec62p, -Sec61 P/ -Sshlp, and Sec63CRUp 
are real and reflect the differences in the interaction between 
the unlabeled molecules. Therefore, Sshlp is a membrane 
protein of the ER but does not interact with Sec63p in vivo 
Figure 6C also shows that Stel4CRUp is closer to the N / 
fusions of the ER than to the fusions of any other" 
compartment Again, the difference between N ub -Stel4p and 
N ub -Sed5p is very subtle. However, we can discriminate 
between SedSp and Stel4p more clearly by using the corre- 
sponding N^s. N^-SteUp is closer to SteUCRUp than is 
N vi -Sed5p (our unpublished observation). N^-Ssolp and 
-Snclp differ from the known N^-labeled proteins of the ER 
oirS'r P by P^ttog unimpaired growth of the 
obs^rv^^ cells (Figure 6C and our unpublished 

Characterizing Proteins That Are Very Distant to 
Sec63p 

Group 4 includes the proteins whose N ub constructs impair, 
bu donot abolish, the growth of the Sec^3CRUpK:ontainine 
cells. This group is very heterogeneous and thereby docu- 
ments the increasing difficulty to assign a correct localization 
as the distance between the C ub landmark and the N K 
protein gets larger (Figure 5 and Table 1). Tom22p is local- 
ized at the outer mitochondrial membrane, while Ssolp and 
Snclp, a t- and v-SNARE, are localized at the plasma mem- 
r £5 C 2?t late l Gol S i ' respectively (Figure 2) (Aalto et al, 
1993; Kiebler et al, 1993; Protopopov et al, 1993). We as- 
sumed that the assay could establish the correct localization 
of N ub -Tom22p, N^-Snclp, and N ub -Ssolp by selecting the 
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?J ub T constnict5 of To *22p (a), Sec62p (b), Ssolp (c), and 
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% n ^l^yf media laddn S uracil. Cells were grown for 3 d. (C) 
Iom20CTUr>containin g cells bearing the UBR1 gene or a UBR1 
delebon were transformed with a plasmid harboring N uh -Tom22p 
or the empty vector pRS314. Cells (10 3 and 10 2 ) were spotted on 
selective media lacking uracil. Plates were incubated for 3 d. 



appropriate landmarks. To localize Tom22 P/ the C*- 
RUra3p module was attached to the C terminus of Tom20p 
(Figure 2, Tom20CRUp). Tom20p and Tom22p are both sub- 
units of the translocation complex of the outer mitochondrial 
membrane (Schatz, 1997). Tom20p has an N-terminal mem- 
brane anchor and a C-terminal domain pointing into the 
cytosol of the cell (Moczko et al, 1997). N^-Tonu^p strongly 
impairs the growth of Tom20CRUp<ontaining cells on me- 
dium lacking uracil, whereas all other N ub constructs have 
no influence (Figure 7A and our unpublished observation). 
TTus effect depends on a functional N-end rule pathway 
(Figure 7C). We conclude that Tom22p colocalizes with 
Tom20p at the outer mitochondrial membrane. 

To address the localization of Ssolp and Snclp, we con- 
structed Fur4CRUp (Figure 2). Fur4p belongs to the super- 
farnily of membrane transporters, is localized in the plasma 
membrane, and transports uracil or 5-FOA across the mem- 
brane (Jund et al, 1988; Sitve et al, 1991). The C terrrunus of 
the protein is very probably localized in the cytosol of the 
cell and is not important for the activity of the molecule 
(Jimd et al, 1988). Yeast cells containing Fur4CRUp instead 
of the native Fur4p are still FOA sensitive, thereby demon- 
strating the functionality and indirectly the correct localiza- 
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Table 2. Yeast strains 



Strain 



Relevant genotype 



Source/comment 



JD53 

NJY73-I 

NJY73-A 

NJY73-G 

N]Y73-VI 

NJY61-I 

NJY61-A 

NJY61-G 

NJY78-I 

NJY78-A 

NJY7&-G 

NJY78-VI 

NJY79RU 

NJY79DH 

NTY80RU 
NJY80DH 
NJY81RU 

NYJ82 
NJY83 



MATa. his3-A200 lcu2-3,112 ly$2-801 trpl-A63 ura3-52 
MATa his3-A200 Ieu2-3,U2 lys2-801 trpt-A63 ura3-52 NUB-BO$l::vRS303 
MATa his3-A200 leu2-3,112 tys2-801 trpl-A63 ura3-52 NUA-BOSl:vRS303 
MATa his3-A200 Ieu2-3,U2 lys2-801 trpl-A63 ura3-52 NUO-BOS1:.t>RS303 
MATa his3/A200 Ieu2-3,112 lys2-801 trpl-A63 ura3-52 NUVI-BOSl:.yRS304 
MATa his3-A200 leu2-3, 112 lys2-801 trpl-A63 ura3-52 NUB-SEC$l-vRS304 
MATa his3-A200 leul-3,112 ly$2-801 trpl-A63 ura3-52 MA-SEC61-yRS304 
MATa his3-A200 Ieu2-3,U2 lys2-80l trphA63 UT03-52 NUG-$£C61-JpRS304 
MATa his3-A200 leul-3,112 lys2-80l trpl-A63 ura3-52 NUB-SSHl:yR$304 
MATa his3-S200 leul-3,112 lys2-801 trpl-A€3 ura3-52 NUA-SSHl: V RS30i 
MATa his3-A200 leu2-3,112 tys2-801 trpl-A63 ura3-52 mG*$SHl:-pRS304 
MATahis3-A200 Ieu2-3,U2 lys2-801 trpl-A63 uraS-52 NlM-SSHl?vR$304 

SSSr^^ WSOUys2-801 W-Wtrrl-M uraWura3-S2 

SffiSK^^ W-MW* ura3.52SuraS.52 

MATa his&MOO Uu2-3,U2 ly*2-80l trpl-A63 ura5-52 SEC63-CUB-RURA3::yRS3Q5 
MATa hts3.te.00 Uu2-3,112 lysl-801 trpl-A63 uro2rS2 SEC63-CUB-DHAzpRS305 
^0^^^2-3,122 lysZ-SQl trpl-A63 urt&52 $EC63^CUB-RURA3:.yRS305 UBR1-M1S3 
Lrtttsiam et al., 1996 

MATa his3-A200 leu2~3,112 ly$2-80l trpl-A6$ ura3-52 FUR4rCUB-RURA3vRS303 
MATa edc2-l his5.ll.3-15 trpl-1 ura3~l canl-100 STEl^Aon' 



Dohmen et al, 1995 
Derivative of JD53 
Derivative of JD53 
Derivative of JD53 
Derivative of JD53 
Derivative of JD53 
Derivative of JD53 
Derivative of JD53 
Derivative of JDS3 
Derivative of JD53 
Derivative of JD53 
Derivative of JD53 
Derivative of JD51 

Derivative of JD51 

Derivative of JD53 
Derivative of JD53 
Derivative of JD55 

Derivative of JD53 
Derivative of W303 



tion of the fusion protein (our unpublished observation). A 
subset of N ub and constructs was transformed into the 
Fur4CRUp-expressing cells, and their growth on plates lack- 
ing uracil was scored. We observe a change in the order of 
proximity that was obtained for Ssolp, Snclp, SedSp, and 
Sec62p toward the C ub landmarks, Sec63p and! Stel4p, of the 
ER. According to the growth of the Fur4CRUp-containing 
cells harboring the corresponding N ub constructs, Fux4p is 
closer to Ssolp and Snclp than to Sed5p and Sec62p (Figure 
M ub -Sec62p inhibits the growth of the Fur4CRUp-con- 
taining cells slightly more than N ub -Sed5p (Figure 7B). 
Taken together, the activity of N^-Ssolp and -Snclp toward 
the landmarks, Fur*-, Sec63-, and Tom20-CRUp, is compat- 
ible with their localization at or close to the plasma mem- 
brane. 

Group 5 includes the proteins Vam3p, Tpilp, and Guklp. 
Even the N ub constructs of these proteins do not signifi- 
cantly impair the growth of the Sec63CRUp-bearing cells 
(Figure 5 and Table 1). The N ub constructs of all three 
proteins were also tested against Tom20CRUp (Figure 7 A 
for Vam3p), Fur4CRUp, and Stel4CRUp (our unpublished 
observation). The proteins of this group display no signifi- 
cant proximity to any of the three landmarks. Tpilp and 
Guklp very probably have a homogenous distribution in the 
cytosol and therefore are equally distant from the tested 
landmarks. Vam3p, as a protein of the vacuole, is in a 
compartment that seems to be the least accessible to all three 
C ub fusions (Darsow et al, 1997; Wada et al, 1997; Srivastava 
and Jones, 1998). 

In this modified form, split-Ub correlates close proximity 
between two proteins with poor growth of the transformed 
yeasts. The feature of Ura3p to transform the nontoxic 
5-FOA to the toxic 5-fluorouracil makes it possible to reverse 
this correlation. The cells bearing Sec63CRUp and the N ub 
constructs that inhibit growth on plates lacking uracil 
should survive in the presence of the drug. We spotted the 



cells carrying Sec63CRUp and the different N UA -constructs 
onto 5-FOA containing plates. A summary of the growth 
assay is given in Table 1. As expected, the cells that do not 
grow or grow very poorly on medium lacking uracil display 
5-FOA resistance, whereas the cells that survive on SD-ura 
are 5-FOA sensitive. 

DISCUSSION 

In this paper, we describe the molecular environment of a 
membrane protein in vivo. We attached Q b to the mem- 
brane protein Sec63p and measured the reassociation of the 
Qib moiety with different N ub -fusion proteins. The extent of 
cleavage at the C terminus of reflects the local concen- 
trations between the tested constructs and the land- 
mark. By attaching RUra3p behind C„ b we were able to 
translate this microscopic parameter into the growth rate of 
yeast cells bearing different N ub constructs. 

Monitoring the Interactions between Members of the 
Sec Complex In Vivo 

By using N ub constructs of proteins that are known not to 
interact with Sec63p as a reference, we were able to monitor 
the residence of Sec63p within the heptameric and the tet- 
rameric Sec complex for the first time in vivo (Figures 3-5 
and Table 1). N ug , the N ub mutant with the weakest affinity 
to C^t,, revealed a lower reassociation efficiency of 
Sec63CRUp with M ug -Sec61p than with N ug -Sec62p. We pro- 
pose that this difference reflects the higher stability of the 
tetrameric Sec62/63p complex compared with the hep- 
tameric Sec complex in vivo (Deshaies et al, 1991; Brodsky 
and Schekman, 1993; Panzner et al, 1995). 

Sshlp is by sequence closely related to Sec61p and shares 
some of the biochemical features of Sec61p (Finke et al, 
1996). The direct comparison between the activities of N^- 
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Sec61p and N^-Sshlp toward Sec63CRUp showed that 
Sshlp is a membrane protein of the ER, but does not bind to 
Sec63p in vivo (Figure 5 and Table 1). It is assumed that the 
presence of the tetrameric Sec62/63p complex enables the 
heptameric Sec complex to translocate proteins whose signal 
sequences guide them into the posttranslational pathway of 
translocation (Panzner et al, 1995; Ng et al, 1996). If Sshlp 
constitutes a translocation pore, it should translocate a sub- 
set of those proteins that cross tfie membrane independently 
of Sec62/63p. r y 

A Gradient of Local Concentrations ofv- and t- 
SNARES Is Visualized by Split-Ub In Vivo 
The and the N w constructs of different t- and v-SNARES 
of the secretion pathway (reviewed by Rothman, 1994), re- 
vealed a gradient of local concentrations of the labeled pro- 
teins toward Sec63p that is compatible with the localization 
of the unlabeled molecules. Ordered by their decreasing 
local concentration, Sec22p is followed by Boslp, SedSp, 
Ssolp, and Snclp, and finally Vam3p (Figures 5 and 6B and 
Table 1). Since proximity in this assay stems from the fre- 
quency of the encounters between the labeled molecules, the • 
differences between SedSp and Snclp or Ssolp toward 
Sec63p are not trivial. To account for the higher frequency of 
encounters, SedSp, Sec63p, or bom molecules have to shuttle 
between the ER and the GolgL The assay cannot distinguish 
which of the two molecules actually move, but a recent 
study showed that SedSp indeed cycles through the ER 
(Wooding and Pelham, 1998). We therefore propose that the 
short-lived stay of SedSp during its cycling through the ER 
accounts for its increased proximity toward Sec63p. 

A Network of C ub Landmarks to Map Membrane 
Proteins 

The relative distance to a Q, b landmark can reveal the lo- 
calization of a given N ub -fusion protein. The localization of 
the membrane protein Stel4p provided a first test. Stel4p is 
situated between Boslp and Sed5p on our Sec63CRUp-de- 
rived linear distance map (Figure 6B). Boslp and SedSp are 
localized in the ER and the Golgi, respectively. The interme- 
diate localization of Stel4p might be explained by its dy- 
namic distribution between these two compartments. How- 
ever, by additionally showing that Stel4CRUp behaves like 
a membrane protein of the ER, we propose that the main 
residence of the protein is the ER. During our study we 
became aware of a report that localized Stel4p in the ER and 
showed Stel4p to change its cellular distribution toward the 
Golgi once the N or the C terminus are extended artificially 
by an epitope tag (Romano et al, 1998). Our findings of an 
intermediate position of Stel4p can be therefore explained 
by a partial redistribution of Stel4p upon extending the N 
terminus with or the C terminus with C^. The exten- 
sions might mask a signal or a binding site and thereby 
interfere with the proper sorting of the molecule. However, 
both Ub modifications leave the protein functional. We con- 
clude from the efficient reassodation of N ub -Stel4p and 
Stel4-C ub with different cytosolic N ub - and C ub -fusion pro- 
teins that both N and C termini of Stel4p are on the cytosolic 
side of the membrane. The fact that one of the modification 
enzymes of the isoprenylated proteins is localized in the ER 



should stimulate a closer look into the trafficking of these 
proteins. 

The limit of using one landmark to localize proteins 
became evident by our difficulty in distinguishing between 
Ssolp, Snclp, and Tom22p on our Sec63p-derived distance 
map. We had to introduce two further C ub landmarks to 
resolve the localization of these proteins. Our assay con- 
firmed that N ub -Ssolp and -Snclp are closer to the plasma 
membrane protein Fur4CRUp than are the constructs of 
Sec62p, SedSp, Tom22p, Tpilp, and Guklp or the vacuolar 
Vam3p (Figure 7B and our unpublished results). 

The growth of the cells containing Sec63CRUp and N ub - 
Ssolp or N^-Snclp on media lacking uracil is impaired 
(Figure 5 and Table 1). This can be explained by both 
proteins being first integrated into the ER membrane before 
being transported to their final destination. Why does N^- 
Tom22p show any interaction with Sec63CRUp? We suggest 
that the measured proximity between Sec63CRUp and N^- 
Tom22p stems from a fraction of mislocalized N^-Ton^p. 
Mislocalization of Tom22p into the ER might occur since its 
hydrophobic C-terminal tail is quite similar to the C-termi- 
nal membrane anchors of proteins that reside in the ER or 
other compartments of tile secretion pathway. A more spec- 
ulative interpretation invokes a specific proximity between 
the outer membrane of the mitochondrion and the mem- 
brane of the ER The two membranes are sometimes seen 
adjacent to each other in electron microscopic pictures of 
cells. A functional proximity is postulated by certain models 
of lipid transfer between the two organelles (Paltauf et al, 
1992; Ardail et al, 1993). 

A Genetic Selection for Binding Partners of 
C ub -RUra3p~Labeled Proteins 

A modification of the split-Ub assay based on the release of 
a transcription factor was recently introduced to monitor the 
interaction between the two proteins of the oligosaccharyl 
transferase complex, Wbplp and Ostlp. The assembly of the 
N ub - and C ub -labeled proteins releases a C ub -Hnked tran- 
scription factor to enter the nucleus and to initiate the tran- 
scription of lacZ (Stagljar et al, 1998). The features of RUra3p 
as the reporter of the split-Ub assay make it possible to select 
for binding partners of Sec63CRUp or any other CRUp- 
labeled protein. The constructs of Sec63p-binding pro- 
teins were identified by enabling cells to grow on medium 
containing 5-FOA (Table 1). Since the critical parameter in 
the split-Ub technique is the local concentration between the 
two N ub - and C^-labeled molecules, the assay senses not 
only a protein's direct interaction partners but also its near 
neighbors. Therefore, this parameter can be the source of 
false positives and negatives. False negatives are con- 
structs that show no specific proximity to any C„ b landmark, 
although the unlabeled proteins form either a complex or are 
localized in the same compartment. Here inaccessibility of 
the coupled N ub/ instability of the fusion protein, or mislo- 
calization upon labeling are some of the more obvious 
possibilities. A false positive suggests a proximity between a 
pair of NT ub - and C^-Iabeled proteins that does not exist for 
the unlabeled molecules. N ub -Sec22p is closer to Sec63p than 
any other N ub -labeled membrane protein of the ER that does 
not interact with Sec63p (Figure 5 and Table 1). This be- 
comes most obvious when N ub -Sec22p is directly compared 
with N ub -Boslp. Sec22p and Boslp are both v-SNAREs in- 
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volved in the vesicular transport between the ER and the 
Golgi (Figure 2). Both proteins have a very similar topology 
and were both expressed from the heterologous Pcun pro- 
nator yet show a different interaction with Sec63CRUP (Ta- 
ble 1). To test whether the tighter interaction of Sec22p is 
specific for Sec63p, we measured both proteins against 
Stel4CRUP. Since N ub -Sec22p displays also a closer proxim- 
ity toward SteHCRUP, we conclude that its proximity to- 
ward Sec63p is due to a higher nonspecific activity of the 
Sec22r>coupled N ub (our unpublished observation). The 
5-FOA resistance of the Sec63CRUP cells harboring 
Sec22p emphasizes the need for additional assays to confirm 
a N^-labeled protein as a true binding partner of a ef- 
fusion protein. The established competition assay will serve 
as a control that still operates in the frame of the split-Ub 
technique (Figure 4). Copredpitation and similar techniques 
that are used as independent tests for the two-hybrid system 
should also be applied for proteins that are identified by the 
split-Ub technique. In addition, as more independent 
landmarks become available, it will become easier to dis- 
criminate true interactions from false positives and negatives. 

The selection for conditions, compounds, or proteins that 
disrupt a specific protein interaction is an interesting feature of 
the RUra3p reporter system. Starting with a pair of N^- and 
C^-labeled proteins that inhibit growth on media lacking ura- 
cil any compound interfering with this interaction can be 
identified by its capacity to induce colony-forming cells. We 
confirmed the feasibility of this approach by overexpressing 
unmodified Sec62p in the presence of N u<r -Sec62p and 
Sec63CRUp. ^ 

A related scheme to search for molecules interfering with 
a given protein interaction was devised on the basis of the 
two-hybrid system (Vidal et al, 1996; Huang and Schreiber, 
1997). However, this assay is limited to interactions that can 
be reconstituted in the nucleus. The split-Ub system makes it 
possible to extend this approach to the analysis of mem- 
brane proteins or other proteins whose interactions cannot 
be reconstituted in the nucleus. 



ACKNOWLEDGMENTS 

We thank David Banfield, Jurgen Dohmen, Walther Mothes, Tom 
Rapoport Hans Ronne, and Randy Schekman for the gifts of plasmids, 
yeast strains, and antisera; Sortja Kind for cloning the TOM22 and 
TOM20 constructs; Jdrg H, Eckert and Xavier Raquet for constructing 
and testing the N^-mutant; and G. Dues, JJt Eckert V. Gerke, X. 
Raquet, and D. Schrnitt for critically reading the manuscript We thank 
D. Schmitt for providing the plasmids harboring N ub -Sec22p. This 
work was supported by grant 0311107 to N.J. from the Bundesminis- 
terium fur BUdung, Wissenschaft, Forschung und Technologic N.L 
was supported by a stipend from the Max-Pknck-Society. 

REFERENCES 

Aalto, M.K., Ronne, R, and Keranen, S. (1993). Yeast syntaxins 
Ssolp and Sso2p belong to a family of related membrane proteins 
that function in vesicular transport EMBO J. 22, 4095-4104. 

Ardail, D v Gasnier, F., Lerme, E, Simonot, G, Louisot, P., and Gateau- 
Roesch, O. (1993). Involvement of mitochondrial contact sites in the 
subcellular compartmentalization of phospholipid biosynthetic en- 
zymes. J. Biol. Chem. 268, 25985-25992. 

Banfield, D.K., Lewis, MJ., Rabouille, C, Warren, G., and Pelham, H.R. 
(1994). Localization of Sed5, a putative vesicle targeting molecule/ to 



the ris-Golgi network involves both its trarismembrane and cytoplas- 
mic domains. J. Cell Biol. 127, 357-371. 

BaUensiefen, W., Ossipov, D v and Schmitt D. (1998). Recycling of the 
yeast v-SNARE Sec22p involves COFI-proteins and the ER transmem- 
brane proteins Ufelp and Sec20p. J. Cell ScL Ill, 1507-1520. 

BarteL B., Wunning, L, and Varshavsky, A. (1990). The recognition 
component of the N-end rule pathway. EMBO J. 9, 3179-3189. 

Beckmartn, R, Biir^D.,Grassucci,R, Penczek, P., Verschoor, A., BkfceL 
G., and Frank, J. (1997). Alignment of conduits for the nascent polypeptide 
chain in the ribosome-Sec61 complex Science 278, 2123-2126. 

Brodsky, J.L, and Schekman, R (1993). A Sec63p-BiP complex from 
yeast is required for protein translocation in a reconstituted proteoli- 
posome. J. Cell BioL 223, 1355-1363. 

Darsow, T., Rieder, S.E., and Emr, S.D. (1997). A multispedficity syn- 
taxin homologue, Vam3p, essential for autophagic and biosynthetic 
protein transport to the vacuole. J. Cell BioL 138, 517-629. 

Deshaies, R.J., Sanders, S.L., Feldheim, OA., and Schekman, R- (1991). 
Assembly of yeast Sec proteins involved in translocation into the 
endoplasmic reticulum into a membrane-bound multisubunit com- 
plex. Nature 349, 806-808. 

Deshaies, RJ„ and Schekman, R. (1990). Structural and functional 
dissection of Sec62p, a membrane-bound component of the yeast en- 
doplasmic reticulum protein import machinery. Mol. CelL BioL 10, 
6024-6035. 

Dohmen, RJ., Stappen, R., McGrath, J.P., Forrova, H., Kolarov, J„ 
Goffeau, A., and Varshavsky, A. (1995). An essential yeast gene encod- 
ing a homolog of ubiquitm-activatine enzyme. T. BioL Chem. 270, 
18099-18109. 

Dunnwald, M, Varshavsky, A., and Johnsson, N. (1999). Detection of 
transient interactions between substrate and transporter during protein 
translocation into the endoplasmic reticulum, MoL BioL Cell 10, 3»-344. 

Feldhdm, D„ Rothblatt, J., and Schekman, R (1992). Topology and func- 
tional domains of Sec63p, an endoplasmic reticulum membrane protein 
required for secretory protein translocation. MoL CelL BioL 12, 3288-3^6. 

Finke, K, Plath, KL, Panzner, S., Prehn, &, Rapoport, Tj\., Hartmaim, 
E v and Sommer, T. (1996). A second trimeric complex containing 
homologs of the SeoSlp complex functions in protein transport across 
the ER membrane of S. cerevisiae. EMBO J. 25, 1482-1494. 

Ghislain, M, Dohmen, R.J., Levy, F., and Varshavsky, A- (1996). 
Cdc48p interacts with Ufd3p, a WD repeat protein required for ubiq- 
uitm-mediated proteolysis in Saccharomuces cerevisiae. EMBO J. 15, 
4884-4899. 

Gorlich, D v Prehn, S., Hartmann, E v Kalies, KU, and Rapoport TVA. 
(1992). A mammalian homolog of SEC61p and SECYp is associated 
with ribosomes and nascent polypeptides during translocation. Cell 72, 
489-503. 

Giildener, U„ Heck, S., Fielder, T., Beinhauer, J., and Hegemann, pL 
(1996). A new efficient gene disruption cassette for repeated use in 
budding yeast. Nucleic Acids Res. 24, 2519-2524. 

Hardwick, K.G., and Pelham, VLR. (1992). SED5 encodes a 39-kDa 
integral membrane protein required for vesicular transport between 
the ER and the Golgi complex J. Cell BioL 129, 513-521. 

Huang, J., and Schreiber, S.L. (1997). A yeast genetic system for select- 
ing small molecule inhibitors of protein-protein interactions in nano- 
droplets. Proc. Natl. Acad. Set USA $4, 13396-13401. 

Johnsson, N., and Varshavsky, A (1994). Split ubiquitin as a sensor of 
protein interactions in vivo. Proc Natl. Acad. ScL USA 92, 10340-10344. 

Johnsson, N., and Varshavsky, A. (1997). Split Ubiquitin: A sensor of 
protein interactions in vivo. In: The Yeast Two Hybrid System, ed. P.U 
Bartel and S. Fields, Oxford, UK: Oxford University Press, 316-332. 



Vol. 10, August 1999 



2529 



S. WittkertaL 



Jund, R, Weber, E, and Chevallier, MR. (1988). Primary structure of 
the uracil transport protein of Saccharomyces certvisiae. Eur. J. Biochem. 
171, 417-424. ' 

Kiebler, M., Keil, P., Schneider, *L, Van der Klei, LJ., Pfanner, N., and 
Neupert, W. (1993). The mitochondrial receptor complex* a central role 
of MOM22 in mediating preprotein transfer from receptors to the 
general insertion pore. Cell 74, 483-492. 

Michaelis, $., and Herskowitz, L (1988). The a-factar pheromone of Sac- 
charomyces certvisiae is essential for matmg, MoL Cell. Biol 8, 1309-1318. 
Moczko, M, Burner, U., Kubrich, M., Zufall, N., Honlinger, A., and 
Pfanner, N. (1997). The intermembrane space domain of mitochondrial 
Tom22 functions as a trans binding site for preprotedus with N-tenni- 
nal targeting sequences. MoL Cefl. BioL 17, 6574-6584. 

Ng, D.T., Brown, J.D., and Walter, P. (1996). Signal sequences specify 
the targeting route to the endoplasmic reticulum membrane L Cell 
Biol. 134, 269-278; 

Ng, DX, and Walter, P. (1996). ER membrane protein complex re- 
quired for nuclear fusion. J. Cell BioL 132, .499-509. 

Paltauf, F. Kohlwein, S v and Henry, S. (1992). Regulation and compart- 
mentalizauon of lipid synthesis in yeast In: The Molecular and Cellular 
Biology of the Yeast Saccharomyces: Gene Expression, ed. EJ. Jones, 
J. Pringle, and J. Broach, Cold Spring Harbor, NY: Cold Spring Haibcr 
Laboratory Press, 415-500. 

Panzner, S„ Dreier, U Hartmann, E, Kostka, S., and Rapoport, TJL 
(1995). Posttranslational protein transport in yeast reconstituted with a 
purified complex of Sec proteins and Kar2p. Cell 81, 561-570. 

Plemper, RJC, Bohmler, S v Bordallo, J., Sommer, T v and Wolf, UH. 
(1997). Mutant analysis links the translocon and BiP to retrograde 
protein transport for ER degradation. Nature 388, 891-895. 

Protopopov, V., Govmdan, B v Novick, P., and Gerst, JE. (1993). Homoiogs 
of the synaptobrevin/VAMP family of synaptic vesicle proteins function 
on the late secretory pathway in S. cerevisiae. Cell 74, 855- 861. 

Rapoport, XA., Jungnickel, B v and Kutay, U (1996). Protein transport 
across the eukaryotic endoplasmic reticulum and bacterial inner mem- 
branes. Annu. Rev. Biochem. 65, 271-303. 

Romano, J.D., Schmidt, W.K., and Michaelis, S. (1998). The Saccharo- 
myces cerevisiae prenylcysteine carboxyl methyltransferase Stel4p is in 
the endoplasmic reticulum membrane. MoL BioL Cell 9, 2231-2247. 
Rothblart, J.A., Deshaies, RJ., Sanders, S.L, Daum, G., and Schekman, 
R. (1989). Multiple genes are required for proper insertion of secretory 
proteins into the endoplasmic reticulum in yeast J. Cell BioL 109 
2641-2652. 

Rothman, Ji. (1994). Mechanisms of intracellular protein transport 
Nature 372, 55-63. r 

Sapperstein, S., Berkower, C, and Michaelis, S. (1994). Nucleotide 
sequence of the yeast STE14 gene, which encodes famesylcystEine 



carboxyl methyltransferase, and demonstration of its essential role in 
a-factor export. MoL CelL BioL 14, 1438-1449. 

Schatz, G. (1997). Just follow the acid chain. Nature 355, 121-122. 

Shim, J v Newman, A.P., and Ferro-Novick, S. (1991). The BOS1 gene 
encodes an essential 27-kDa putative membrane protein that is re- 
quired for vesicular transport from the ER to the Gold complex in 
yeast. J. Cell BioL 113, 55-64. e y 

Sikorski, RS., and Hieter, P. (1989). A system of shutde vectors and 
yeast host strains designed for efficient manipulation of DNA in Sac- 
charomyces cereuisiae. Genetics 122, 19-27. 

Silve, &, VoUand, C, Gamier, C, Jund, R, Chevallier, MJL, and 
Haguenauer-Tsapis, R (1991). Membrane insertion of uracil permease, a 
polytopic yeast plasma membrane protein. MoL Cell BioL 11, 1114-1124, 

Srivastava, A., and Jones, EW. (1998). Pthl/Vam3p is the syntaxin 
homolog at the vacuolar membrane of Saccharomyces cerevisiae required 
for the delivery of vacuolar hydrolases. Genetics 148, 

Stagljar, L, Korostensky, C, Johnsson, N., and te Heesen, S. (1998). A 
genetic system based on split-ubiquitin for the analysis of interactions 
between membrane proteins in vivo. Prcc Natl Acad. ScL USA 95 
5187-5191 

Stephenson, RC, and Clarke, S. (1990). Identification of a C-terrrtinal 
protein carboxyl methyltransferase in rat liver membranes utilizing a 
synthetic farnesyl cysteine-containing peptide substrate. J. BioL Chem. 
265,16248-16254. 

Varshavsky, A. (1997). The N-end rule pathway of protein degrada- 
tion. Genes Cells 2, 13-28. 

Vidal M., Brachmanrv-RIC, Fattaey, A., Harlow, E., and Boeke, J.D. 
(1996). Reverse two-hybrid and one-hybrid systems to detect dissoci- 
ation of protein-protein and DNA-protein interactions. Proc. NatL 
Acad. So. USA 93, 10315-10320. 

Wada, Y., Nakamura, N., Ohsumi, Y v and Hirata, K (1997). Vam3p, a new 
member of syntaxin related protein, is required for vacuolar assembly in 
the yeast Saccharomyces cereuisiae.]. Cell ScL 110, 1299-1306. 

Walter, P., and Johnson, A.E. (1994). Signal sequence recognition and 
protein targeting to the endoplasmic reticulum membrane. Annu. Rev. 
Cell BioL 10, 87-119. 

Wilkinson, B M., Critchley, AJ., and Stirling, C J. (1996). Determination 
of the transmembrane topology of yeast Sec61p, an essential compo- 
nent of the endoplasmic reticulum translocation complex. J. BioL 
Chem. 272, 25590-25597. 

Wooding, S., and Pelham, fLRB. (1998). The dynamics of Golgi protein 
traffic visualized in living yeast cells. MoL BioL Cell 9, 2667-2680. 

Zhang, RL, and Casey, PJ. (1996), Protein prenylation: molecular mech- 
anisms and functional consequences. Annu. Rev. Kochem. 65, 241-269. 



v 
* 



2530 



Molecular Biology of the Cell 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 
^ FADED TEXT OR DRAWING 

1^ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

~0 COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

jSI LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: ■ ■ 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



